Abstract-This paper studies amplify-and-forward relaying of OFDM signals. In the considered cellular hotspot scenario, a destination node receives superposition of single-hop transmission from a source node and two-hop transmissions via full-duplex relays. We propose a novel co-phasing scheme that results in significant coherent combining gain in the destination due to subcarrier phase rotation in the relays. In full-duplex relays, the phase rotation is achievable by time-domain baseband filtering. Taking into account the properties of this particular application, we propose to use a complex FIR eigenfilter method for designing approximately allpass filters with desired phase response.
I. INTRODUCTION
We study amplify-and-forward relaying which is an advantageous technique to boost hotspot capacity or extend coverage areas in cellular systems. Especially, we concentrate on OFDM transmission and on the hotspot scenario illustrated in Fig. 1 , where a destination node (e.g., a mobile terminal) is able to receive at the same location a direct link signal from a source node (e.g., a base station) and signals via multiple parallel infrastructure-based relay nodes. In this setup, our motivation is to improve the combined signal quality at the destination by proposing a new filtering method for the relays.
Source Destination
Amplify-and-forward relays In literature, relay operation is classified into full-duplex and half-duplex transmission modes. Half-duplex relaying is based on symbol-by-symbol forwarding with two time slots: The source broadcasts an OFDM symbol to all relays during the first slot, and then during the second slot the relays repeat it while the destination receives superposition of the relayed signals. A full-duplex relay forwards OFDM symbols sample by sample within a processing delay. Thus, the same OFDM symbol is concurrently received and transmitted. To avoid inter-carrier and inter-symbol interference, the processing delay has to be short enough to guarantee that all multipath components arrive at the destination within a cyclic prefix.
Previously research has emphasized mostly half-duplex relaying due to the large interest in cooperative communication where mobile relays are not expected to be able to concurrently transmit and receive. Unfortunately, a drawback of the halfduplex mode is the loss of spectral efficiency due to two channel uses per each data symbol. With fixed infrastructurebased relays, the full-duplex mode has been facilitated by countermeasures against loop interference leakage from relay transmission to reception [1] , [2] . Full-duplex relays are especially beneficial for boosting transparently base station coverage without need for additional spectrum resources as in half-duplex. Consequently, there is a work item in long term evolution (LTE) of 3G mobile communication for specifying repeater operation [3] .
A half-duplex relay receives a complete OFDM symbol before forwarding which allows demodulation and processing of subcarriers independently in the frequency domain. When required channel state information is available, significant performance gain is achieved if the relays co-phase their signals in a distributed beamforming manner to add subcarriers up coherently in the destination [4] - [7] . With half-duplex, the phase rotation can be simply done in the frequency domain.
The new idea in this paper is to offer coherent combining gain also for full-duplex relays that cannot resort to frequencydomain processing due to sample-by-sample forwarding. Thus, our research problem is to develop time-domain baseband filters that result in the desired subcarrier phase rotation. An advantageous solution allows the relays not only to co-phase their signals mutually as in half-duplex, but also results in coherent summation of relayed signals and direct link signal.
In the next section, we introduce the system model and rationalize the benefit of employing filters in the relays to adjust subcarrier phases. In Section III, we discuss the system properties which favor approximately allpass FIR filters. Design of such filters is then proposed based on a complex FIR eigenfilter method. Section IV provides a proof of concept for the co-phasing scheme by simulations. We review some other potential applications for filtering in full-duplex relays in Section V, and conclusions are drawn in Section VI.
II. SYSTEM MODEL In the following, we introduce a signal model for the parallel relay network and derive an expression for the end-to-end signal-to-noise ratio (SNR) which is used for explaining the benefit of subcarrier phase rotation. We consider two-hop OFDM transmission from a single source node via M parallel full-duplex amplify-and-forward relay nodes to a single destination node. The links between all nodes are modelled as frequency-selective multipath fading channels.
A. Signal Model
We assume that the OFDM signal consists of K orthogonal subcarriers, and that the received signal is free of intersymbol or inter-carrier interference. This requires perfect time and frequency synchronization, and that the total spread of multipath components, including propagation and processing delays, is shorter than the OFDM cyclic prefix. For simplicity, the signal model is presented in the frequency domain for the kth subcarrier located at frequency ω k .
The source broadcasts signal X(ω k ) to all relays, and the mth relay receives signal
where H Sm (ω) is the frequency-selective multipath channel between the source and the mth relay, and N m (ω) is the additive noise component in the input of the mth relay. In practice, full-duplex transmission would also include some loop and inter-relay interference. However, it is beyond the scope of the paper to model explicitly these interference components, but instead we assume that they act as noise which is embedded in N m (ω).
The relays operate in a frequency-selective amplify-andforward mode. The mth relay amplifies its input signal by a linear filter B m (ω) and thus transmits signal
Throughout the paper, the average relay gain over all subcarriers is normalized such that
Finally, the destination receives a superposition of all signals:
where the superposition channel and total additive noise are denoted by
respectively. In the latter equations, H SD (ω) and H mD (ω) are the respective frequency-selective multipath channels from the source and the mth relay to the destination, and N D (ω) is the additive noise component in the destination.
B. SNR Improvement by Co-phasing
Without loss of generality, we normalize the average power of X(ω), N m (ω) and N D (ω) to unity. Thus, by assuming that X(ω), N m (ω) and N D (ω) are also mutually independent, the end-to-end SNR at the kth subcarrier admits the form
We see that phase rotation in the relays does not affect the noise power, but allows improvement of the useful signal power by appropriate design.
To motivate the benefit of introducing subcarrier phase rotation in the relays, let us first consider incoherent relaying by assigning B m (ω) = 1 for all relays. The magnitude of the superposition channel becomes
We see that the channel components sum up either constructively or destructively resulting in random SNR gain or loss for each subcarrier. This inspires us to guarantee always constructive summation by designing each B m (ω) such that
The equality would hold with ideal phase rotation.
By assuming that sufficient phase information is available at each relay, B m (ω) should be designed such that its phase response closely approximates the desired phase rotation
Furthermore, we concentrate here on phase rotation in the relays, which allows us to omit gain allocation between subcarriers by assigning flat magnitude responses for the relay filters. Thus, to guarantee constructive signal summation in the destination, the relay filter B m (ω) should approximate the desired frequency response D m (ω k ) = e jΘm(ω k ) .
III. CO-PHASING FILTERS A. Ideal IIR Allpass Filters
The desired frequency response of B m (ω) implies that we want to design a complex allpass filter [8] 
which is an IIR filter structure with exactly unit magnitude response and controllable phase response. Literature provides a wide variety of methods for designing allpass filters [9] - [11] . However, a well-known restriction in the design of stable allpass filters is that they have nonnegative group delay, i.e., the phase response is a decreasing function. On the other hand, FIR filters offer more freedom in controlling the phase response, which turns out to be important for the present application. Among other good features, an approximately allpass FIR filter is thereby a justifiable alternative for the ideal IIR structure.
B. Design of Approximately Allpass FIR Filters
The desired phase response (6) is not usually a strictly decreasing function. Although moderate deviation from the ideal phase can be tolerated, stable IIR allpass filters are subject to phase unwrapping problems. Furthermore, we postulate that the requirement for flat magnitude is not strict, because equalization already handles frequency selectivity of the multipath channels. This allows us to relax the magnitude constraint and have flexible phase control with FIR filters.
Also the fact that FIR filters are stable by construction is an advantage over IIR filters that require additional techniques to guarantee stability. Furthermore, FIR filters can ensure short, fixed-length impulse response to avoid excessive delay and maintain orthogonality between subcarriers. With IIR filters relation of the filter order and decay of the impulse response is cumbersome. All in all, we conclude the current application favors FIR approximation of the ideal IIR allpass structure.
For each relay, we need to design an N th-order complexcoefficient FIR filter
that approximates the desired phase response and allpass magnitude response. To facilitate filter design by matrix computations, the filter can be expressed in a vector form In this paper, we adopted the well-known FIR eigenfilter design method [12] - [14] . The idea of the eigenfilter design method is to modify the mean-square error
simpler solution. The modification involves an introduction of a reference frequency ω k0 at which the implemented frequency response matches exactly the desired response, i.e.,
Literature provides means of optimizing the selection of ω k0 , but we apply simply k 0 = K 2 which was empirically seen to result in reasonable performance. Consequently, the reference frequency facilitates formulation of an error function
The matrix Q m is complex, Hermitian and positive-definite. Thereby, according to Rayleigh's principle, approximation error E m is minimized by selecting b m as the eigenvector corresponding to the smallest eigenvalue of matrix Q m . Finally, b m is scaled to satisfy (3) and (8) .
IV. SIMULATION RESULTS
In the following, we provide a proof of concept for the proposed co-phasing scheme by simulating an example system. To obtain fair results, we define a relatively simple system setup and refrain from comparing performance of different network geometries.
We assume that the source-relay (SR) and relay-destination (RD) channels consist of four Rayleigh-fading taps with uniform power profile. The source-destination (SD) channel is longer, and it consists of 15 Rayleigh-fading taps with uniform power profile, because the signal is expected to traverse longer distance. We assume the same average SNR for all SR and RD links, and set the average SNR of the SD link to 6dB below that of SR and RD links. The number of OFDM subcarriers K is 500, and the co-phasing filter length N is 30. We again assume that the total delay caused by the signal propagation and processing in the relay is shorter than the OFDM cyclic prefix to maintain orthogonality of the subcarriers.
Let us first pick one illustrative example where the eigenfilter design method is applied to implement a co-phasing filter that combines coherently the transmission of a single fullduplex relay with the direct transmission. In this example, a single set of random multipath channels is generated. Fig. 2(a) illustrates the phase responses of the direct link and the twohop relay link with and without the proposed co-phasing filter. After introducing the co-phasing filter, the phase response of the end-to-end relay link closely follows the phase response of the direct link. As seen in Fig. 2(b) , the co-phasing filter also slightly increases frequency selectivity in the end-to-end relay link, because the filter has only approximately unit magnitude.
Continuing with the single-relay setup, Fig. 3 illustrates the cumulative distribution function of the phase difference. The figure shows empirical distributions for five sets of random channels and the cumulative distribution function over fading. The trend is clear: Without co-phasing, the phase difference is uniformly distributed, while the proposed co-phasing filter is able to combine most of the subcarriers coherently for most of the time. For example, we note that the phase difference is below π/4 for 89.6% of the subcarriers and the phase difference of only 2.6% of the subcarriers is above π/2.
Outage probability measures the probability that the end-toend SNR γ k falls below a given threshold which is set here to 5dB. The simulated outage probability is shown in Fig. 4 for M = 1, 2 and 3 relays with and without co-phasing. The performance of the proposed co-phasing filter is also compared to that of ideal frequency-domain co-phasing with D m (ω).
In the low-to-mid SNR range, the performance of the cophasing filter is close to ideal. However, the co-phasing filter does not increase the diversity order, because at high SNR the small fraction of destructively combined subcarriers dominate the performance. Similarly, the non-uniform gain may result in noise amplification for some subcarriers. Despite of nonidealities, the coherent combining gain is significant, e.g., in the high SNR area it is approximately 2.5dB, 10dB and 13dB with one, two and three relays, respectively. 
V. DISCUSSION
In this paper, the eigenfilter method is applied for designing co-phasing filters, but some other filter design methods are as well applicable. Thus, a comparative study is needed to show whether this application favors any particular method.
To point out directions for future work, let us note that the proposed co-phasing filters facilitate, with suitable modifications, full-duplex implementation of many other relaying schemes that previously have been applied with only halfduplex relays and by resorting to symbol-by-symbol processing. Just to mention some techniques, phase-rotating filters can be exploited for orthogonalizing multiple parallel twohop relay links [7] , [15] or for implementing a phase-diversity transform that can improve performance similarly as cyclic delay diversity [16] . We have so far concentrated on controlling only the phase rotation in relays. However, the new idea presented in this paper, time-domain filters for full-duplex relays, is also significant in a more general context. For example, if the desired magnitude of the relay filter is also controlled, many halfduplex gain control and OFDM subcarrier power allocation schemes, such as discussed in [4] - [6] , [17] , can be implemented in the full-duplex mode. Likewise, it has been demonstrated that half-duplex relay-enhanced cells benefit from soft frequency reuse [18] . With the full-duplex mode, the required frequency-domain power masks can be implemented by timedomain filtering at relays.
VI. CONCLUSIONS
In this paper, we proposed to use time-domain co-phasing filters in full-duplex amplify-and-forward relays. Such filters can be designed, for example, by using the eigenfilter method. By appropriate phase rotation in the relays, relayed signals and the direct link signal can be constructively summed up at each OFDM subcarrier. This results in significant coherent combining gain, which was demonstrated by simulations. With appropriate modifications, filtering in full-duplex relays facilitates implementation of many transmission schemes proposed previously only for half-duplex relays.
